The aim of this paper is to present several popular methods for in vitro culture of osteocytes and osteocyte cell lines. Osteocytes are located extremely suitably within the calcified bone matrix to sense mechanical signals, and are equipped with a multitude of molecular features that allow mechanosensing. However, osteocytes are more than specialized mechanosensing cells. Several signaling molecules are preferentially produced by osteocytes, and osteocytes hold a tight reign over osteoblast and osteoclast formation and activity, but also have a role as endocrine cell, communicating with muscles or organs as remote as the kidneys. In order to facilitate further research into this fascinating cell type, three protocols will be provided in this paper. The first protocol will be on the culture of mouse (early) osteocyte cell lines, the second on the isolation and culture of primary mouse bone cells, and the third on the culture of fully embedded human osteocytes within their own three-dimensional bone matrix.
Introduction
Bone research has long focused on the formation and function of osteoblasts and osteoclasts, the cells that form and resorb bone. This while osteocytes were regarded as rather inactive cells, entombed within the calcified matrix, unable to move. One of the pioneers in osteocyte research was Peter Nijweide, who was the first to isolate osteocytes from the calvariae of chickens, 1 using an antibody to what was later discovered to be the avian variant of Phex. 2 The protocol for the isolation of these osteocytes is not dissimilar to other techniques allowing the isolation of osteoblasts and osteocyte-like cells from mouse and human bone. 3, 4 Since the development of that first protocol, osteocytes were discovered to have a key role in the mechanical adaptation of bone to mechanical loading, and to be dynamic cells that produce a vast multitude in signaling molecules. [5] [6] [7] One of these signaling molecules produced, more or less exclusively by osteocytes, sclerostin, may inhibit bone mass accrual by osteoblasts, and sclerostin antibodies are currently being investigated as a potential osteoporosis therapy. 8 Osteocytes, rather than osteoblasts, are the main source of Receptor activator of nuclear factor kappa-B ligand (RANKL) in adults, determining the extent of osteoclast formation and activity. 9, 10 Osteocytes also have a role in phosphate homeostasis, by communicating with the kidney, making bone a truly endocrine organ. 11 In order to facilitate future research in this cell, having such an important role in regulation of bone metabolism, we provide three protocols for the culture of osteocytes, either as cell line, primary cell or as cells in their original three-dimensional matrix.
In the first part of this paper, we provide a detailed protocol for culturing MLO-Y4 and MLO-A5 cells, which are currently still one of the most frequently used osteocyte cell lines. Immortal clonal cells such as MLO-A5 and the MLO-Y4 cells are routinely used as osteocyte models, which represent different stages of osteoblast to osteocyte differentiation. MLO-A5 cells are derived from osteocalcin promoter-driven T-antigen transgenic mice and have higher expression of ALP and osteocalcin compared to primary osteoblasts and MLO-Y4 osteocytes. 12 They mineralize spontaneously in culture, even in the absence of phosphate supplementation and are thought to represent post-osteoblast/ pre-osteocyte cells that mineralize the osteoid matrix they are embedded in. 12 MLO-Y4 cells are a more mature osteocyte cell model compared with MLO-Y5 cells, derived from the same transgenic mice used for the generation of MLO-A5 cells, although they likely still represent a relatively early osteocyte. Even though these cells represent early osteocytes, they already display the stellate morphology, with dendritic processes typical of osteocytes embedded in matrix. MLO-Y4 cells also possess the ability to respond to mechanical stimulation by releasing Prostaglandin E 2 , 13 ATP 14 and nitric oxide, 15 integral to osteocytes' orchestration of adaptive bone remodeling. This makes them very useful for studying factors that alter the response of osteocytes to mechanical stimuli. MLO-Y4 cells have relatively high expression of osteocalcin and connexin-43 with low collagen type 1, periostin and alkaline phosphatase activity compared with primary osteoblasts and clonal cells. 12, 16 However, both MLO-A5 and MLO-Y4 cells have their limitations, such as the lack of sclerostin expression and low DMP-1 expression by MLO-Y4 cells. This makes MLO-Y4 cells less suitable for studying signal molecule production by mature osteocytes. Alternative cell lines that have been used to study sclerostin expression include the SaOS2 osteosarcoma cell line and the osteoblast-like UMR-106 cells, which are described elsewhere. 17, 18 IDG-SW3 19 and Ocy454 20 are osteocyte cell lines that express relatively high levels of SOST/sclerostin as well as FGF23, both key regulators of bone homeostasis, and could therefore be used to study osteocyte signaling toward other cell types. Readers are encouraged to pick the osteocyte cell line that best suits their research question.
The second part of this paper describes the isolation and culture of primary osteocytes from mice. This protocol allows the study of osteocytes with deletions of specific genes, by isolation of osteocytes from knockout mice. As with all osteocyte culture models, care should be taken to monitor the osteocyte-like phenotype of these cells, as osteocytes in vivo are no longer able to divide, and will be quickly overgrown by other cell types, limiting the useful life span of the culture. In addition, osteocytes are embedded in calcified bone matrix in vivo, determining their three-dimensional shape, and thereby likely affecting their ability to sense mechanical signals. It remains to be shown to what extent osteocytes cultured in two dimensions on tissue culture plastic retain their complete osteocyte-like phenotype. Therefore, several protocols have been developed lately for the culture of osteocytes or osteocyte-like cells in three dimensions in a collagen matrix; for example, the co-culture of osteoblasts on top of MLO-Y4 osteocytes cultured in three-dimensional collagen gels. 21 Although these cultures likely give a better approximation of the natural environment of the osteocyte, these cultures still require the use of cell lines or isolated cells, with all their limitations. In addition, gels do not exactly mimic the physical, anatomical, and chemical make-up of the matrix. Therefore, the third part of this protocol describes a method to culture human osteocytes embedded in their native matrix. Human bone tissue is cut in to small pieces and treated with collagenase to remove lining cells and bone marrow cells. These denuded bone pieces, containing osteocytes in their native matrix, can be cultured for up to 7 days.
Altogether, these protocols represent current popular osteocyte culture methods, although new methods that more thoroughly represent the bone niche are continuously being developed.
PROTOCOL I: Culture of Osteocyte Cell Lines

Materials
Coating of tissue culture plastic 
Methods
Coating tissue culture plastic with collagen. The following steps should be performed in aseptic conditions. 1. Dilute the sterile type-I collagen solution to a concentration of 0.15 mg ml À 1 in filter sterilized 0.02 M acetic acid using chilled pipettes. 2. Use 0.2 ml cm À 2 collagen solution to coat the tissue culture flasks or plates. Let them coat for 1hr at room temperature before removing the solution. (The excess collagen solution can be reused five times and should be stored at 4 1C between uses). 3. The collagen coated plastic can be used immediately, after rinsing twice with PBS. The tissue culture flasks or plates can also be stored for later use by allowing the collagen solution to dry prior to storage at 4 1C (up to a month). Rinse the stored flasks or plates twice with PBS prior to using.
Maintenance of MLO-A5 and MLO-Y4 cells
1. Place a vial containing 5 Â 10 5 to 1 Â 10 6 cells in a 37 1C water bath just long enough for them to thaw. Mix the cells with 10 ml cCM and centrifuge at 250 g for 5 min. 2. Resuspend pellet and culture cells in cCM at 37 1C in a humidified atmosphere of 95% air and 5% CO 2 . We routinely culture the cells in collagen-coated T75 flasks till 70% (MLO-Y4) or 80% (MLO-A5) confluence, before passaging. MLO-Y4 cells should not be allowed to grow above 70% confluency to maintain their phenotype. Care should be taken to avoid high flow rates during media changes, as osteocyte-like cells are extremely sensitive for fluid flow-derived shear stress. 3. To passage cells, discard the spent media and rinse the cells twice with PBS. 4. Add 3 ml of freshly thawed trypsin-EDTA to each flask and incubate at 37 1C for 5 min. Ensure that the trypsin-EDTA solution completely covers the flask surface area. 5. Subsequently, check the flask under the microscope to check for detachment of cells. If bulk of cells are still attached, tap the flask gently and check again. Alternatively, incubate the cells at 37 1C for a further 5 min. 6. Following detachment, collect the cells in 10 ml cCM media and centrifuge at 250 g for 5 min. Discard the supernatant and resuspend the cell pellet in 2 ml of cCM. 7. Perform a viable cell count with trypan blue using a Neubauer haemocytometer or alternative methods. Typically, 2.0-2.5 Â 10 6 cells are harvested from a T75 flask. We routinely seed 0.5-1 Â 10 6 cells per T75 flask depending on how frequently they are needed. 8. To freeze cells, resuspend the cell pellet from step 6, in 60% a-MEM, 30% FBS and 10% DMSO. Store 1 Â 10 6 cells per ml in each cryovial and freeze at À 80 1C using a Mr Frosty. Transfer to liquid nitrogen for long term storage.
MLO-A5 in vitro mineralization
1. Seed 2 Â 10 4 cm À 2 MLO-A5 cells in cCM at 37 1C in a humidified atmosphere of 95% air and 5% CO 2 till confluent (typically 2-3 days; see Note 1).
At confluence (day 0), rinse the cells with PBS and change
the media to osteogenic media (OM): a-MEM with 0.5-2% FBS, 50 mg ml À 1 L-ascorbic acid and 10 nM dexamethasone (see Note 2). 3. Replenish with fresh OM every 2-3 days until two days (day 5)
prior to the end of experiment, when 5 mM iPO 4 .
Quantification of dendricity using cellD 1. Open the image in cellD (Olympus, Southend-on-Sea, UK) and set the magnification of the original photo if it is captured using a different software by clicking 'Image4Set magnification'. Ensure that the units are set correctly. 2. Using the 'closed polygon' selection tool, draw around all the cell bodies, right-clicking to end tracing for each cell (Figure 2 ; see Note 7).
Osteocyte culture KM Shah et al 3. Choose the 'polyline' tool and trace along the dendrites for each cell from the tip of the extension to the traced cellular body (Figure 2 ). 4. After tracing all the cell bodies and the dendrites for an image, count the total number of dendrites for each cell using the 'touch count' tool. 5. Click 'Create Measurement Sheet' to obtain to individual dendrite length and total number of dendrites in separate columns. The results sheet can be exported as an Excel file.
6. Calculate the mean dendrite length and mean number of dendrites per cell to describe the dendricity of the cells. Osteocyte culture KM Shah et al the wells may not allow for consistent thresholding, although a backlit scanner can be used to resolve this issue. 2. Ascorbic acid is needed for collagen secretion and serves as a cofactor for prolyl hydroxylase which catalyzes the hydroxylation of proline residues, integral to the stability of collagen triple helix. 22, 23 Ascorbic acid and dexamethasone are known to upregulate alkaline phosphatase and osteocalcin expression promoting mineralization 23, 24 We recommend making a Â 1000 stock (50 mg ml À 1 ) of ascorbic acid to be diluted 1:1000 in feeding media to obtain the working concentration. Ascorbic acid is not stable and should be added fresh each time, unless a more stale form of ascorbic acid is used. Dexamethasone stocks of 10 mM ( Â 10 6 ) are prepared in methanol and serially diluted to Â 1000 of working concentration in media. This is further diluted 1:1000 in the feeding media to give the working concentration. 3. 2 mM beta-glycerophosphate can also be used instead of iPO 4 to promote mineralization. 4. Alizarin Red is an anthraquinone dye that binds to calcium deposits as confirmed by energy dispersive X-ray spectroscopy. 25 An alternative method for quantification of mineralization, based on extraction of the bound dye, is used by some researchers. In our experience, the amount of dye released following extraction can be inconsistent and variable. For those who are nevertheless interested in Alizarin Red dye extraction can find the details on the protocol in ref. 26. 5 . Tight packing of some clean cotton wool into each well is recommended prior to scanning to achieve a good contrast in the scanned image. Otherwise, using a backlit scanner can be used to resolve this issue. 6. It is recommended to use the same thresholding parameters for all cultures stained simultaneously. The thresholding parameters may change for different batches of staining and therefore it is advised to have experimental controls for each batch of staining; for example, at least one well containing a known batch of cells that consistently produces bone nodules. The data can then be represented as relative to these experimental controls to reduce variability. 7. Only cells which are completely within the field of view should be included in the measurements. Cells on the edges may have it dendrites outside the field of view and could make the results inconsistent.
PROTOCOL II: Isolation and Culture of Primary Mouse Osteocytes
Materials Cell isolation and culture reagents 
Methods
Cell isolation and culture. Start with coating the tissue culture plastic with collagen type I, as described in 'Coating tissue culture plastic with collagen' for protocol I. All dissection equipment should be sterilized in 70% ethanol prior to use. Figure 2 Quantification of osteocyte dendricity. Osteocyte dendricity is assessed by counting the number of dendrites per cell, and the average length of dendrites, using CellD. A typical field of view for crystal violet stained osteocytes with dendrite measurements is depicted in the zoomed in image.
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The collagenase and EDTA solutions should be warmed to 37 1C before use.
1. Carefully dissect the limbs (tibiae, femora and humeri) from two mice, transfer to a sterile culture hood and place into a 100 mm petri dish containing a-MEM with antibiotics. 2. Remove the muscle and soft tissue from around the bones.
Scrape off the periosteum using a sterile scalpel. 3. Wash the bones three times with a-MEM containing antibiotics. 4. Transfer bones to a 100 mm petri dish containing a-MEM with antibiotics, remove the epiphyses and flush the marrow using a needle and syringe until no marrow remains. 5. Dissect the bones into 1-2 mm sized pieces using a fresh scalpel and wash in HBSS containing antibiotics. 6. Transfer the bone pieces into a well of a six-well plate containing 8 ml collagenase and incubate for 25 min on a shaking/rotating platform at 37 1C. 7. Remove and discard the collagenase, rinse the bone pieces three times with 5 ml HBSS and discard the rinsate. This is digest 1 and the cells released from this digest are primarily fibroblastic. 8. Repeat the collagenase digest twice, for digests 2 and 3.
These cells will be a mixture of fibroblasts and osteoblasts and can be discarded. 9. Incubate the bone pieces in 8 ml EDTA for 25 min on a shaking/rotating platform at 37 1C. Remove and discard the EDTA, rinse the bone pieces 3 times with 5 ml HBSS and discard the rinsate. This is digest 4. 10. Incubate the bone pieces with 8 ml collagenase for 25 min on a shaking/rotating platform at 37 1C. Remove and discard the collagenase and rinse the bone pieces three times with HBSS. This is digest 5 and contains mainly osteoblasts. 11. Incubate the bone pieces with 8 ml EDTA as for step 9. This is digest 6 and contains mainly osteoblasts. 12. Incubate the bone pieces with 8 ml collagenase as for step 10. This is digest 7 and contains mainly osteoblasts and osteocytes. 13. Incubate the bone pieces with 8 ml EDTA as for step 9. This is digest 8 and contains mainly osteoblasts and osteocytes. 14. Incubate the bone pieces with 8 ml collagenase for 25 min at 37 1C. This is digest 9 and contains primarily osteocytes. Following the digestion, transfer the collagenase to a 50 ml centrifuge tube. Rinse the bone pieces three times with HBSS and transfer the rinsate to the same tube. 15. Centrifuge the digest at 1000 g, resuspend in 2 ml culture media and transfer to a well of a collagen-coated six-well plate. 16. The cells will attach within 24-48 h and should be used within 7 days of plating to prevent loss of phenotype or overgrowth with osteoblasts.
Isolation of cells from bone particles.
To improve the yield, the digested bone pieces can be homogenized to release osteocytes remaining within the bone pieces after digestion by using the following protocol:
1. Dissect the bone pieces into smaller fragments with a sterile scalpel. 2. Place in a Falcon cartridge with 1 ml culture media and mince in a Medimachine homogenizer.
3. Transfer the resulting bone particles in culture media to a well of a collagen-coated six-well plate. The particles from two mice can be divided between two wells of a six-well plate. 4. Add another 1 ml of culture media and culture the particles for 72 h undisturbed. 5. After 72 h, add 1 ml of culture media. 6. Replace the media with fresh culture media after a further 48 h (5 days after plating). 7. Osteocytes can be observed in the well after B5 days and should be used for experiments within 7 days of plating.
Notes
The cells isolated from digest 9 and the bone particles are alkaline phosphatase negative, E11 antigen positive, and display a dendritic morphology as described in ref. 27 .
To further increase the cell yield, the cells from digests 7 and 8 may also be harvested in addition to digest 9. These digests contain many osteocytes, but will be more heterogeneous than digest 9, which contains primarily osteocytes. Cell fractions after EDTA or collagenase digest should be preferably collected into serum-containing culture medium and kept on ice prior to seeding.
If osteoblasts are also required for cultures, these can be collected from digests 5 and 6. Earlier digests contain a relatively large amount of fibroblasts.
If the bones from more than two mice are being used, the volumes of collagenase and EDTA solutions can be scaled up accordingly.
Note that even digest 8 and 9 still contain other cells than osteocytes (for example, cells from the hematopoietic lineage, osteoblasts and fibroblasts). Fibroblasts can quickly overgrow the osteocyte cultures, and primary osteocytes lose their osteocyte-like phenotype in two dimensional culture, limiting the life span of these osteocyte-rich cultures. Cells obtained are best used within days. In addition, the presence of cell types other than osteocytes can affect the results obtained, 28 and care should be taken when drawing conclusions about osteocyte properties when experiments are performed using primary cell cultures.
PROTOCOL III: Culture of Bone Pieces containing Osteocytes
The authors of this section prefer to use trabecular bone samples obtained from the anterior iliac crest, since this bone can be obtained from healthy people as surgical waste material when originally collected for example, sinus floor elevation surgery. Trabecular bone can also be obtained in large quantities during total hip or knee replacement surgery for osteoarthritis, but one should keep in mind that this bone might differ in cell consistency from healthy bone. 
Materials
Methods
Preparation and culture of human bone pieces containing osteocytes 1. Collect the trabecular bone samples in sterile PBS with antimicrobial agents (Figure 3a) . 2. Transfer the bone biopsy to a petri dish and wash three times with PBS to remove all the blood and clots (Figure 3b ). 3. Cut the trabecular bone from the bone pieces using a number 23 scalpel in petri dish with PBS. Discard the cortical bone. Wash the trabecular pieces frequently during the cutting to remove the blood, clots and bone marrow. 4. Once you have separate trabecular bone pieces from the cortical bone, change the number 10 blade and chop the trabecular bone pieces in to further small pieces (B1-2 mm 2 ). During the chopping wash the bone pieces frequently by PBS and avoid drying of bone pieces. 5. Prepare 2 mg ml À 1 collagenase II solution in serum free DMEM and filter it using 0.2 mm disposable filter unit. 6. Transfer the bone pieces in to 50 ml centrifuge tube containing collagenase II solution and mix well. The Volume of the collagenase II solution you add should be at least double of the total volume of the bone pieces. Figure 3e ). Incubate overnight in 37 1C and 5% CO 2 . The next day, wash the bone pieces with PBS 4-5 times and continue the culture with cCM at 37 1C and 5% CO 2 (Figure 3f ). 11. Continue the culture up to 7 days. Replenish the medium twice a week. During this culture period, chemicals, hormones, cytokines and so on, can be added to the osteocyte culture, and the production of signaling factors by the osteocytes can be measured in the conditioned culture medium. Total RNA can be isolated from the bone pieces using trizol for further analysis of the osteocyte responses.
Visualization of live osteocytes at day 7
1. Wash the bone pieces with PBS. 2. Stain the bone pieces with live-dead staining solution according to manufacturer's instruction; Ethidium Homodimer-1 kit (Life technologies). 3. Observe the live and dead cells in or on the bone pieces with a microscope, such as the Zeiss Apotome 2 microscope (Figure 4a ; see Note 1).
Immunohistochemistry for sclerostin production by osteocytes at day 7. Detection of sclerostin will confirm the presence of osteocytes in the bone pieces.
1. At day 7, fix some of the bone pieces in cold 4% phosphatebuffered formaldehyde 2. Dehydrate in graded ethanol, make sure to completely dehydrate by repeating the incubation in 100% ethanol at least twice, and embed in methylmethacrylate mixture.
3. Cut the sections of 5 mm, for instance with a Leica/Reichert-Jung Polycut S (SM2500) microtome. 4. Rehydrate the sections and quench endogenous peroxidase with 3% H 2 O 2 in 40% methanol in PBS. 5. For antigen retrieval incubate the sections with 1% trypsin for 15 min at 37 1C. 6. Block the non-specific binding sites with 5% normal rabbit serum for 1 h. 7. Incubate the sections overnight at 4 1C with 1/200 mouse-anti-sclerostin antibody (primary antibody). 8. Incubate the sections for 1 h with 1/100 biotinylated rabbit-anti-mouse antibody (secondary antibody) and for 1 h with horse radish peroxidase-labeled streptavidin. 9. For color development incubate the sections with 3-amino-9-ethylcarbazole reagent and counter stain with hematoxylin. 10. Visualize the sclerostin staining under the light microscope ( Figure 4b ).
Notes 1. Vital bone cells were visualized on the surface of bone pieces after 7 days of culture, but these cells did not produce sclerostin or DKK1. Since the bone pieces were denuded by collagenase-2 treatment, these cells might be cells that have grown out from recently formed osteoid.
Recommended future reading
The basis for many protocols for the isolation of osteoblasts or osteocyte-like cells from bone is formed by the avian osteocyte isolation protocol, which has been described in detail the following publication: Semeins CM et al. 29 The isolation of primary mouse osteoblasts has also been described in detail elsewhere. 27 For those of you interested in subjecting cultured osteocytes to a precisely controlled mechanical stimulation, several methods for mechanical stimulation of two-dimensionally cultured skeletal cells have been described in detail in the following publication: Huesa and Bakker. 30 Osteocyte culture KM Shah et al
